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an attractive alternative to using insulin to increase
glycogen storage without affecting lipogenesis.
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Cir4/Suv39 and RNA Quality Control
Factors Cooperate to Trigger RNAI
and Suppress Antisense RNA

Ke Zhang,* Tamas Fischer,™* Rebecca L. Porter,t Jothy Dhakshnamoorthy,* Martin Zofall,*
Ming Zhou,? Timothy Veenstra,? Shiv I. S. Grewalt

Pervasive transcription of eukaryotic genomes generates a plethora of noncoding RNAs. In fission yeast,
the heterochromatin factor Clr4/Suv39 methyltransferase facilitates RNA interference (RNAi)—mediated
processing of centromeric transcripts into small interfering RNAs (siRNAs). Clr4 also mediates
degradation of antisense RNAs at euchromatic loci, but the underlying mechanism has remained elusive.
We show that Clr4 and the RNAI effector RITS (RNA-induced transcriptional silencing) interact with Mlo3,
a protein related to mRNA quality control and export factors. Loss of Clr4 impairs RITS interaction with
Mlo3, which is required for centromeric siRNA production and antisense suppression. Mlo3 also interacts
with the RNA surveillance factor TRAMP, which suppresses antisense RNAs targeted by Clr4 and RNAi. These
findings link Clr4 to RNA quality control machinery and suggest a pathway for processing potentially
deleterious RNAs through the coordinated actions of RNAi and other RNA processing activities.

genomes necessitates elaborate quality con-

trol and surveillance mechanisms, which
monitor RNA biogenesis to detect and destroy ab-
errant RNA (/—4). In Schizosaccharomyces pombe,
methylation of histone H3 lysine 9 (H3K9me) by
Clr4 provides binding sites for chromodomain
proteins, including Chp1 subunit of an Argonaute
(Agol)—containing RNA-induced transcriptional
silencing (RITS) complex required for the pro-
cessing centromeric transcripts to small interfering
RNAs (siRNAs) (5). Loss of Clr4 causes severe
defects in centromeric siRNA production (6).
However, siRNA can be detected in cells where

The widespread transcription of eukaryotic
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H3K9 is mutated to unmethylatable (such as
H3KO9R) residues (7, &), suggesting an additional
role for Clr4. The Clr4 complex (CIrC) interacts
with RITS (6, 8, 9), and in addition to their role at
centromeres, these factors suppress antisense tran-
scripts at euchromatic loci (10, 11).

A yeast two-hybrid screen using full-length
Clr4 as the bait identified Mlo3 (/2) as an in-
teracting protein (table S1). Mlo3 is related to
Saccharomyces cerevisiae Yral and mammalian
Aly/REF (13) and is required for nuclear export
of RNA (/3). Immunoprecipitation analysis de-
tected Mlo3 interacting with Clr4 (Fig. 1A) and
another CIrC subunit, Rik1 (fig. S1). Moreover,
recombinant Mlo3 bound Clr4, and this interac-
tion was mediated by the amino-terminal (amino
acids 1 to 55) and carboxy-terminal (amino acids
134 to 199) regions of Mlo3 (fig. S2), known to
bind mRNA export machinery (/3). Thus, Clr4
associates with Mlo3 in vitro and in vivo.

Given the role of Clr4 in heterochromatin
assembly, we investigated whether Mlo3 affects
heterochromatic silencing (5). Cells lacking Mlo3
maintain H3K9me and its interacting Swi6/HP1
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protein at levels comparable to wild-type (WT)
cells at major heterochromatic loci (fig. S3). How-
ever, mlo3A resulted in a considerable increase
in the levels of centromeric repeat transcripts,
although to a lesser extent than in c/r4A (Fig.
1B). The accumulation of repeat transcripts in
mlo3A was not linked to enhanced RNA poly-
merase II (Pol II) transcription. We therefore
explored the possibility that Mlo3 mediates pro-
cessing of repeat RNAs. Because Clr4 interacts
with RNA processing complex RITS (6, 8, 9), we
investigated whether Mlo3 also interact with
RITS. We found that Mlo3 coimmunoprecipi-
tated with Chpl, a subunit of RITS (Fig. 1C).
This interaction was not sensitive to DNase I and
RNase A treatment but was severely compro-
mised upon loss of Clr4 (Fig. 1C), suggesting that
Clr4 connects Mlo3 to RNA interference (RNAi).
Indeed, mlo3A caused severe reduction in the levels
of centromeric siRNAs (Fig. 1D). Thus, in addition
to creating H3K9me binding sites for RITS, Clr4
physically and functionally links RITS to Mlo3 to
mediate processing of centromeric transcripts.
Because histone lysine methyltransferases
can methylate nonhistone proteins (/4—18), we
investigated whether Clr4 methylates Mlo3.
Recombinant Clr4 could methylate the carboxy-
terminal region of Mlo3, but not the amino-
terminal or middle region (Fig. 2A). Within the
carboxy-terminal region, lysines 165 and 167 are
in a sequence context that resembles H3K9. We
mutated these and lysines 179 and 180 to alanine.
A methylation assay using recombinant Mlo3
carrying single- or double-mutant combinations
showed that Clr4 methylates K167 of Mlo3 in
vitro (Fig. 2B). Furthermore, Western blot using
an antibody generated against methylated Mlo3
peptide recognized Mlo3 purified from WT cells,
and the signal was diminished in c/r4A mutant
(fig. S4). To explore the importance of these re-
sults, we generated Schizosaccharomyces pombe
strain in which Lys'®® and Lys'®” residues located
in close proximity were mutated simultaneously
to alanine to generate the m/o3-4 mutant. Mutant
Mlo3 protein was expressed at WT levels (Fig.
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Fig. 1. Clr4- and RITS-interacting protein Mlo3 is required for the production of centromeric siRNA. (A)
Immunoprecipitation (IP) of Mlo3-hemagglutinin (HA) using antibody to HA was followed by Western
blotting with antibody to Flag to detect Clr4-Flag. Less than 10% of total Mlo3 is associated with ClrC. (B)
Strand-specific RT-PCR of RNA isolated from WT, mlo3A, and clr4A cells. (C) Clr4 facilitates Mlo3
interaction with Chpl. Mlo3-Flag immunoprecipitated fractions from indicated cells were subjected to
Western blot analyses with antibody to Chpl. The asterisk indicates a nonspecific band. (D) siRNAs
isolated from indicated strains were analyzed by Northern blot with probes specific for dg/dh centromeric
repeats (upper) or for tRNA used as a loading control (bottom). bp, base pairs.
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Fig. 2. Clr4 methylates Mlo3 to facilitate centromeric siRNA production. (A and B) Methyltransferase
assay, performed using recombinant Clr4 with glutathione S-transferase (GST)—Mlo3 as the substrate and
S-adenosyl-[methyl->H]-methionine as the methyl donor. Histone H3 fused to GST (GST-H3) was included
as a positive control. Clr4 targets histone H3 more efficiently than Mlo3 in vitro. Fluorography indicates
proteins that were methylated by Clr4. (A) Clr4 methylates the carboxy-terminal region of Mlo3. (B) Clr4
methylates Mlo3 at Lys®’ in vitro. The GST fused carboxy-terminal region of Mlo3 carrying different
mutations were used as the substrates. (C) Mlo3-A expresses at WT levels. WT and mutant Mlo3 were
detected by Western analysis using antibody to Flag. Western blot with antibody to tubulin TAT1 was used
as a control. (D) siRNAs in indicated strains were examined by Northern blot using a probe corresponding
to dg/dh centromeric repeats (top). tRNA was used as a loading control (bottom).
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2C). Interestingly, mlo3-A caused a decrease in
levels of centromeric siRNA as compared to WT
(Fig. 2D). Further reduction in siRNAs was ob-
served in mlo3-A H3K9R double mutant (Fig.
2D), although a residual signal seemed to be
present when compared to c/r4A. Thus, in addi-
tion to Clr4 bridging the interaction between
RITS and Mlo3, the methylation of Mlo3 might
be important for siRNA production.

In light of the results described above, we
wondered whether Mlo3 also mediates Clr4-
dependent suppression of antisense RNAs at eu-
chromatic loci. As a prelude to addressing this
question, we investigated Mlo3 localization across
genome by chromatin immunoprecipitation cou-
pled to microarrays (ChIP-chip). Mlo3 showed a
broad distribution at euchromatic loci and a relative
depletion at heterochromatic regions (figs. S5 and
S6). clr4A, which causes enhanced Pol II occu-
pancy at centromeric repeats (19, 20), resulted in
increased Mlo3 binding at repeat loci (fig. S5),
supporting the transcription-coupled loading of
mRNA processing and export factors (27/-24). At
euchromatic loci, Mlo3 preferentially localized at
the gene body, and its localization peaked near the
3'end of open reading frames (fig. S6). Expression
profiling of mlo3A cells on both DNA strands
showed dramatic accumulation of antisense RNAs
at euchromatic loci (~23.5% of genes) (fig. S7), in
particular at convergent genes (fig. S8). Strand-
specific reverse transctiption polymerase chain reac-
tion (RT-PCR) and Northemn blot analyses confirmed
elevated levels of antisense RNAs corresponding to
read-through transcripts in mlo3A cells (Fig. 3, A
and B). Therefore, Mlo3 is required for the suppres-
sion of antisense RNAs at Pol II-transcribed genes.

We also tested the effects of the mlo3-4 mu-
tant on antisense RNA levels, in particular at loci
targeted by Clr4 and RNAI (/0). Because clr4A
and agolA enhance antisense RNA levels when
combined with a variant histone #2a.zA (10), we
examined the mlo3-4 mutant transcriptome with
or without H2A.Z. Like clr4A and agoIA, mlo3-A
also showed weak up-regulation of antisense RNAs
(4.7% genes) (fig. S9). However, the mlo3-A
h2a.zA double mutant showed a synergistic in-
crease in antisense RNAs (18.6% of genes) (Fig.
3C and figs. S8 and S9). mlo3-A caused antisense
RNA up-regulation at the same genomic loci that
were affected by clr4A or agolA (Fig. 3, C and D,
and fig. S8). Moreover, both c/r4A and mlo3-A
showed similar slight accumulation of poly (A)"
RNA signal in the nucleus (fig. S10), suggesting
a further functional connection between Clr4 and
Milo3. Together with the results described above,
these results suggest that Clr4 cooperates with
Mlo3 and Agol to suppress antisense RNA.

Because antisense RNA levels in mlo3A were
consistently higher than in clr4A and agolA
mutants, we wondered whether Mlo3 has an ad-
ditional Clr4-independent role in antisense suppres-
sion. To address this, we performed immunoaffinity
purification of functional, Flag-tagged Mlo3 (Mlo3-
Flag)(fig. S11A). Mol3 copurified with a complex
related to the Trf4p/Air2p/Mtrdp polyadenylation
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(TRAMP) (Fig. 4A and table S2), an exosome
cofactor promoting degradation of aberrant RNA
2, 4, 25, 26). All TRAMP subunits, including
Cidl4, Mtr4 and Airl (25), could be identified in
the Mlo3-Flag purified fraction (Fig. 4A). When a
Flag-tagged Cid14 subunit of TRAMP (Cid14-Flag)
was purified (fig. S11B), a large number of peptides
derived from Mlo3 together with the components
of TRAMP were identified (Fig. 4A and table S3).
The interaction between Cid14 and Mlo3 was in-
sensitive to DNase I and RNase A treatment
(Fig. 4B) and did not require Clr4 (fig. S12).
Thus, Mlo3 physically associates with TRAMP,
a complex involved in the surveillance and deg-
radation of aberrant RNA by the exosome. In
this regard, the antisense profile of mlo3A closely

25 MARCH 2011

resembles that of 77p6A (Fig. 3, C and E, and
fig. S8).

To explore the relationship between the factors
described above, we compared the distribution
of antisense RNA in various mutants. These analy-
ses revealed a strong correlation between antisense
up-regulation in clr4A ha2.zA, agolA h2a.zA, and
mlo3-A h2a.zA, consistent with Mlo3, Clr4, and
RNAI cooperating to suppress antisense RNAs
(Fig. 3D and fig. S13). In addition, Cid14 targets
RNAs affected by Mlo3, Clr4, and Agol (fig. S13).
Using correlation coefficients (- values) obtained
from pairwise comparisons of antisense profiles
of different mutants, we clustered mutants in a
hierarchical manner according to the similarity of
their antisense profiles (Fig. 4C) (10). As shown
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previously (/0), components of the Clr6 histone
deacetylase and Set2 form a distinct cluster, thereby
confirming the functional connection between these
factors in suppressing antisense RNAs produced
from cryptic promoters (Fig. 4C). Double mutants
carrying null alleles of either ClrC subunits (e.g.,
rikIA and clr4A), RNAi machinery (agolA),
TRAMP (cidl4A), or mlo3-A mutant in combina-
tion with deletion of h2a.z form a tight cluster
closely associated with 77p6A and mlo3A. In addi-
tion, the mlo3-A single mutant associated closely
with clr4A and rikl A mutants (Fig. 4C). This analy-
sis provides further support for these factors coop-
erating to suppress antisense RNA.

These analyses showing that Clr4 interacts
with Mlo3 to promote the processing of centro-
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meric and antisense RNAs suggest a mechanism
for the immediate detection and processing of
these noncoding RNAs. Mlo3 may determine the
fate of the RNAs by either preparing them for
nuclear export or facilitating their destruction
(2, 27). Mlo3-associated RNA processing activ-
ities, RNAi and TRAMP, might collaborate to
degrade RNA (Fig. 4D and fig. S14). Indeed,
mlo3A (this study) or cidl4A (25) impair cen-
tromeric siRNA production by the RNAi ma-
chinery. Although defects in siRNA production
could result from sequestering of RNAI proteins
by the RNAs accumulating in m/o3A and cid14A
cells, this is unlikely because r7p6A, which mim-
ics accumulation of RNAs observed in mlo3A
and cidl4A (Fig. 3, C and E, and Fig. 4C), does
not reduce siRNA production (Fig. 1D). We pos-
tulate that Mlo3 and/or Mlo3/TRAMP serve as
gatekeepers that channel RNAs into the exosome
and/or RNAI pathways. Whereas RNAs targeted
by MIo3/TRAMP could be degraded directly by
the exosome, Clrd-mediated interaction between
Mlo3 and RITS channels these RNAs into the
RNAI pathway (Fig. 4D and fig. S14). Methylation
of Mlo3 might influence the recognition of aber-
rant RNA by factors such as RITS, which also binds
H3K9me (6, 8, 9). Clr4 and Mlo3 may function as
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